T HE function of the ductus arteriosus in the fetal circulation as a carrier of blood from the pulmonary artery to the aorta has been carefully studied and well documented. [1] [2] [3] [4] [5] It is generally accepted that the resistance to flow through the unexpanded lungs and fetal pulmonary arteries is sufficiently high to explain the passage of blood from the pulmonary artery into the descending aorta, which must constitute a receptacle of lower resistance. Some velio-arterial shunting through the ductus arteriosus may persist in a significant percentage of normal infants up to the age of 3 days,6 although an arteriovenous shunt develops in most normal infants shortly after birth.7 The pulmonary hypertension of the fetus is sustained for a variable time after birth.7 Anatomic closure of the ductus normally occurs in 4 to 8 weeks after birth.1' 8' 9 If the ductus remains patent, it usually functions as an arteriovenous fistula, aortic blood entering the relatively low resistance pulmonary circuit through the ductus.
Within recent years, there has been increasing interest in the association of pulmonary hypertension with patent ductus arteriosus, and in particular in the so-called "reversal of flow" that is occasionally found.* In such cases, the ductus arteriosus may constitute an "avenue of escape," which protects the right ventricle from having to force its en- 15, Calif. 206 arterial bed, and thereby prevents it from failing.
The role of the ductus arteriosus as an escape valve may be discerned in a number of malformations. In all these conditions, the pulmonary vascular resistance must be higher than the resistance to blood flow in the de- 
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Interruption of the aortic arch Preductal coaretation scending aorta; but, in some, the fundamental difficulty almost certainly lies in the inability of pulmonary blood to reach the left heart and systemic circulation through normal channels (table 1) . A description of the sites of obstruction to flow in these anomalies may clarify the role of the ductus when it retains its fetal function. There is gross cardiac enlargement, mainly right ventricular and right atrial as determined in the oblique projections. Peripheral vascularity is diminished, and the central vessels are poorly delineated. The diminished vascularity is a reflection of increased resistance in the pulmonary arterial bed. B. Retrograde brachial aortogram. The opaque medium has been injected into the brachial artery, and fills the left subclavian artery, the aortic arch and the descending thoracic aorta. Minimal reflux into the mouth of the ductus arteriosus is visible (arrow fig. 2 ). On bronchography, no upper lobe bronchi could be delineated. The heart borders were difficult to define. Angiocardiography, per- formed in order to delineate the pulmonary arterial branches, demonstrated larger central pulmonary arteries with absence of both upper lobe pulmonary arteries and filling of the descending thoracic aorta from the pulmonary artery through a large ductus arteriosus (figs. 2C-2F). Retro Comment. Blood leaving the right ventricle entered the pulmonary arteries and veins, was unable to reach the left atrium through the occluded common pulmonary vein, and was forced to leave the pulmonary vascular bed through the ductus arteriosus or bronchial collateral veins. Because of the obstruction to venous return from the lungs, marked pulmonary congestion developed (clearly explaining the roentgen findings).
The fetal circulation was not sufficiently embarrassed to cause death in utero because right heart blood could reach the left heart through the patent foramen ovale, and could reach the aorta through the ductus arteriosus. The fact that survival to 30 days was possible is unusual, since blood exposed to alveolar oxygen could only leave the lungs through the bronchial veins, flowing into the azygos system, and returning to the heart through the superior vena cava. This permitted only a limited amount of mixing of systemic venous blood and oxygenated pulmonary venous blood in the right cardiac chambers. Blood from the right heart reached the systemic circulation through the ductus arteriosus or possibly through the small patent foramen ovale. The marked hypoplasia of the left atrium and left ventricle reflects the insignificant role that they played in the circulation.
Edwards et al. 27 have described a case of atresia of a common pulmonary vein, but the presence of a communication between the proximal portion of the vein and the superior vena cava enabled pulmonary venous blood to leave the lungs without excessive pulmonary engorgement. Their case, then, is essentially one of total anomalous pulmonary ve- nous return into the superior vena cava. In such cases, one might expect the ductus arteriosus to remain open; but the tremendous dilatation of the right atrium is usually accompanied by a large patent foramen ovale, allowing right-to-left shunt. Nonetheless, in a few such cases, patency of the ductus has persisted.28 29 Similarly, in the rare cor triatriatum, patency of the ductus arteriosus might be expected, but has not yet been re- of the foramen ovale and the right atrium. It then mixed with systemic venous blood in the right atrium and right ventricle, and entered the pulmonary artery either to reach the systemic circulation through the ductus or to be carried back through the pulmonary vascular bed. The remarkable aspect of this case is that survival to 9 months of age could occur with a functionally 3-chambered heart, aortic atresia, and moderate coarctation of the aorta that prevented even the mixed pulmonary artery blood from reaching the brain easily. Of further interest is the fact that the blood pressure of the upper extremity was lower than that of the lower extremity. This paradoxical finding was an effect of the coarctation, which, in the absence of aortic blood flow from the left ventricle, had precisely the opposite blood pressure effect from that usually observed in uncomplicated co At surgery the narrowed segment of the aortic arch extended beyond the subclavian artery for about 2 cm., at which point a large ductus joined the distal aorta. The ductus was divided and the distal thoracic aorta mobilized and anastomosed to the proximal portion of the aortic arch. After a somewhat stormy postoperative course, the child on discharge, 2 weeks after surgery, was in relatively good shape. Closure of the ventricular septal defect is contemplated after a period of stabilization. tions in which right-to-left flow through the ductus arteriosus persists after birth is the presence of a site of obstruction to blood flow in the pulmonary vessels, left heart, or aorta at some point beyond the pulmonary origin of the ductus arteriosus but proximal to its aortic insertion ( fig. 9 ). In isolated patent ductus arteriosus with reversal of flow ill infancy, the obstruction appears to be primary in the pulmonary arteriolar bed; iil the presence of congenital lung disease and reversal of ductal flow, the pulmonary capillary bed may also be implicated in the production of increased resistance; the other sites of obstruction-the pulmonary veins, the mitral valve, the aortic valve, and the preductal portion of the aortic arch-are all more sharply defined. A distinction must be made between the primary and the secondary site of increased resistance; for, no matter where the obstruction is, the pressure on the arterial side of the pulmonary vascular bed must be markedly elevated to support right-to-left ductal flow. If the pulmonary arterial change is primary in isolated right-to-left ductal flow in infancy, it seems reasonable to consider it secondary in such lesions as mitral or aortie atresia. It has been pointed out that the thickened muscular pulmonary arteries of the fetus may persist in infancy and because of the small size of their lumens, produce a high resistance to blood flow through the lungs.4 46 Such vessels have been described in detail in patent ductus arteriosus with reversal of flow in the presence of preductal aortic coaretation. 4 " What the precise stimulus is that prevents the thick muscular arteries from developing in the direction of the thin-walled adult type vessels is as yet unknown. But the analogy between those cases with anatomic obstruction between the pulmonary venous bed and the aortic valve-with consequent increase in the left atrial and pulmonary venous pressure-and the sequence of changes in mitral stenosis deserves emphasis. At least it ABRAMS may be conjectured in these cases that the increased pulmonary arterial resistance of the fetus is sustained after birth because of the elevated pulmonary venous pressure. That medial thickening of the muscular pulmonary arteries is a relatively constant finding in congenital lesions of the left side of the heart, causing obstruction of pulmonary venous return, has been adequately demonstrated. 47 By contrast, in preductal coarctation of the aorta, so long as the left ventricle remains competent, the left ventricular diastolic pressure and left atrial pressure may be expected to be normal. Thus a factor other than elevated pulmonary venous pressure must be looked for. The concept of the right ventricle as a common ejectile force for systemic (descending aortic) and pulmonary circulation is useful in this respect ;46 yet it sheds no light on why the pulmonary resistance remains elevated. That left ventricular failure is present at birth in some of these cases has been apparent from the clinical course; and in these cases at least, a mechanical stimulus to sustained elevation of pulmonary artery pressure may be delineated, and a parallel drawn to the development of pulmonary hypertension in adults in chronic left ventricular failure.
In isolated patent ductus arteriosus with reversed flow in infancy, the ductus apparently provides an avenue of escape for blood which could not successfully be expelled from the right ventricle through a narrowed pulmonary arterial bed without right heart failure; in coarctation, reverse ductal flow may protect the left ventricle from failure by diverting a large portion of the cardiac output to the lower portion of the body. Perhaps the only common design in the conditions in which right-to-left ductal flow persists is this: in no other way could blood leaving the right ventricle reach all or part of the systemic circulation without precipitating or increasing right or left heart failure.
That the ductus is not an effective method of sustaining life indefinitely in these circumstances is clear from the fact that the average duration of life of the 9 patients reviewed above was 13 months, and 3 died before the age of 1 month. But its usefulness as an "avenue of escape" may be discerned in older patients with patent ductus arteriosus and reversed flow: their clinical course may be relatively benign. By contrast, patients with primary pulmonary hypertension and pulmonary vascular resistance equivalent to that noted in patients with reversed ductal flow develop right heart failure rapidly and have a poor prognosis. This observation prompted an attempt to create a pulmonary arterysubclavian artery anastomosis in at least 1 patient with primary pulmonary hypertension, in an effort to provide a safety valve.48 2. Persistence of the Veno-arterial Ductal Flow: Primary or Secondary? The concept outlined above of persistent fetal flow through the ductus in infancy as a result of distorted anatomy and physiology, rather than as a cause or a participating primary element in the malformation, deserves examination. It may be argued that, in coarctation of the aorta associated with the reversal of ductus flow, the failure of normal development of the left fourth branchial arch, which is relatively functionless in fetal life, and which gives rise to the isthmus of the aortic arch-the usual site of coarctation-is the result of persistent right-to-left flow through the ductus rather than the cause. Perhaps similarly the persistence of increased pulmonary resistance in isolated patent ductus arteriosus with reversal of flow is the result rather than the cause of the reversed shunt. This same approach cannot easily be held in the case of pulmonary venous or mitral and aortic valvular obstruction. In these cases, however, it can be said that the same disturbance in the development of the fetus that produced these anomalies causes the ductus In the fetal circulation, the ductus serves as a means of carrying pulmonary artery blood to the descending aorta, presumably because of the high resistance in the collapsed lungs. In most of the anomalies under discussion, a partial duplication of the fetal circulatory dynamics exists, in that resistance to the passage of blood through the pulmonary vessels and back to the left cardiac chambers is heightened. The ductus then would seem to be operating under the same general conditions that produce the fetal right-to-left shunt, and might be expected to sustain its fetal role.
A number of experimental avenues are open to investigation of the factors underlying persistence of the fetal ductus functions: (a) the artificial creation in the newborn animal of a zone of aortic stenosis proximal to the entrance of ductus arteriosus; (b) production of bilateral main pulmonary artery stenosis beyond the ductus: (e) production of pulmonary venous obstruction; (d) production of experimental mitral stenosis. The approach to all these procedures in the newborn dog suffers from the difficulty of sustaining life following this kind of surgery; in the attempt to create preductal coarctation, no dogs have yet survived. Efforts are underway, however, to explore this approach further. Another useful field of exploration involves the exposure of newborn dogs to chronic hypoxia in an effort to sustain fetal pulmonary hypertension and the right-to-left fetal ductus flow. An analysis of the general factors associated with increased pulmonary arterial resistance must include:
1. Obstruction to pulmonary venous outflow. The analogy to mitral stenosis and chronic left ventricular heart failure in adults with the associated development of pulmonary hypertension, has already been alluded to.
2. Elevated pulmonary blood flow. The association of increased resistance is inconstant in human subjects and need not depend on the size of the shunt.65 Experimentally, it is possible to produce pulmonary hypertension and organic changes in the pulmonary arterial bed by creating large pulmonary artery aortic anastomoses in dogs and thus increasing pulmonary blood flow.20 In the presence of persistent reversal of ductal flow in infancy, there is no good evidence that the pulmonary blood flow need be elevated.
3. Pulmonary parenchymal disease. This factor, operative in adults with severe chronic pulmonary disease, might also apply to cases with congenital pulmonary disease and reversal of shunt. es- cape." Closure at the time of coarctation repair failed to embarrass the right cardiac chambers, indicating that the resistance in the pulmonary vascular bed alone was not critical to continued functioning of the right ventricle. The additional possibility must be considered that left ventricular failure, elevated left ventricular diastolic pressure, and hence elevated left atrial and pulmonary venous pressure accompanied the coarctation, and contributed to the elevation of the pulmonary artery pressure as in chronic left ventricular failure in adults. Relief of the coarctation, then, diminished the burden on the left ventricle. This point of view is supported by the intractable heart failure prior to operation, and the relative clinical improvement since. Furthermore, the atresia of the isthmus may have acted to increase the leftto-right shunt through the ventricular septal defect. The major argument against this is the normal right ventricular diastolic pressure. In the presence of a large ventricular septal defect and left ventricular failure with elevated left ventricular diastolic pressure, this should be reflected in an increased right ventricular diastolic pressure.
The experience with the cases of coarctation associated with reversed flow through the distal ductus suggests that the increased resistance in the pulmonary vascular bed is reversible in some of these cases. This may have significant implications for all lesions in which reversal of flow through the ductus is based on the primary increase in resistance beyond the pulmonary arteriolar bed. With the burgeoning of open heart surgery, com- plete correction for all these anatomic malformations may be feasible, and it seems reasonable to suppose that the closure of the ductus when normal anatomic channels elsewhere have been restored need not necessarily be a hazard in spite of the obvious increase in pulmonary resistance.
SUMMARY
In a number of different congenital cardiac anomalies, the ductus arteriosus serves as a site of continued fetal (veno-arterial) flow after birth. In all these conditions, the pulmonary arteriolar resistance must be significantly elevated to permit flow into the descending thoracic aorta. Beyond this, the common denominator of the malformations in which right-to-left flow persists is the presence of a site of obstruction to blood flow in the pulmonary vessels, left heart, or aorta at some point beyond the pulmonary origin of the ductus arteriosus but proximal to its aortic insertion. The ductus serves as an "avenue of escape" in most of these lesions: in no other way could blood leaving the right ventricle reach all or part of the systemic circulation without precipitating or increasing right or left heart failure. The anatomic basis of persistent fetal ductus function after birth, the factors involved in increased pulmonary arteriolar resistance in these anomalies, and the therapeutic implications of the surgical approach to a specific group of these cases are discussed. 
